The electronic structure and lattice dynamical properties of solid methane under high pressure have been studied based on density functional theory. We identify a cubic structure with space group of I43m below 14 GPa, the Pmn2 1 structure in the range of 14-21 GPa, and the P2 1 /c structure from 21 to 65 GPa. Our obtained Raman spectra of the P2 1 /c structure agree well with the typical Raman active modes in the available experimental data. At 65 GPa, methane undergoes a phase transition from P2 1 /c to Pnma. The structures with P2 1 /c and Pnma symmetries are insulating, and under any pressure studied methane always remains in molecular form. For Pnma phase, the orientational ordering of CH 4 molecules varies significantly at 79, 88, and 92 GPa, and by further increasing pressure the rotation of the molecules freezes and orientational ordering remains unchanged.
I. INTRODUCTION
Since hydrogen was predicted to become metallic under sufficient compression, 1 many attempts have been performed to produce metallic hydrogen. However, the metallic hydrogen has never been obtained even if the pressure is increased to 342 ± 10 GPa, achieved using a diamond anvil cell. 2 Alternatively, Ashcroft 3 suggested that the group IV hydrides, methane (CH 4 ), silane (SiH 4 ), and germane (GeH 4 ) might become metallic at lower pressure because the hydrogen is "chemically precompressed" by the group IV atoms. Since then, extensive experimental and theoretical investigations, mainly focused on SiH 4 , have been undertaken to verify this prediction. [4] [5] [6] [7] [8] [9] [10] Two independent experimental works 7, 9 have confirmed the metallization of SiH 4 at rather low pressures of 50 or 60 GPa. Additionally, theoretical study revealed a high pressure superconducting phase of GeH 4 with a superconducting critical temperature of 64 K at 220 GPa. 10 By comparison, the high pressure behaviors of methane are much less clear. Methane is the simplest saturated hydrocarbon compound, 11 and it is an abundant molecule species exist in the icy planets, such as Uranus and Neptune, 12, 13 where the interior pressures reach 20-600 GPa. [14] [15] [16] Realizing metallization of methane at these conditions is important for understanding its contribution to planetary magnetic fields, 17 and the high pressure study of methane is significant to comprehend the physics and chemistry of planetary interiors. Thus, it has attracted widespread interest.
The clarification of the phase diagram of methane is the first step to understand its high pressure properties. Thus far, a) Author to whom correspondence should be addressed.
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a wide variety of phases are observed depending on the orientational ordering. Previous experimental studies made with the development of high pressure technology have revealed several phase transitions as follows: fluid methane crystallizes in the face-centered cubic (fcc) phase I at 1.6 GPa; 18 phase I transforms to phase A at 5.2 GPa, 19, 20 and transforms to phase B at 10-18 GPa, 19, 21 and further transforms to phase HP at 25 GPa, 19, 21 which is kept at least up to 37 GPa. Based on infrared and Raman data, Bini and Pratesi 19 proposed a tetragonal crystal structure for the phase A, while x-ray diffraction (XRD) data 20 indicated a rhombohedral structure. In addition, Bini and Pratesi 19 proposed that phase B has a hexagonal closed-packed (hcp) structure, while Umemoto et al. 21 proposed a cubic structure for phase B instead. Furthermore, in-depth XRD and Raman studies to 86 GPa have further divided the phase HP into three phase HP1 (25-35 GPa), HP2 (35-62 GPa), and HP3 (>62 GPa), and also suggested the existence of a metastable intermediate phase pre-B between phases A and B. 22 Overall, previous experimental studies have not clearly clarified the high pressure crystal structure of methane above 5 GPa, and the findings from different groups are even inconsistent. Thus, the phase diagram of methane is still not fully understood. In addition, theoretical investigation on this problem is also very limited. Spanu et al. 23 investigated both the melting line of methane and its solid phases by molecular dynamics simulations with empirical potentials. They found that the fcc structure transforms into a hcp structure with four molecules per unit cell around 10 GPa, and that the hcp structure transforms into a monoclinic high pressure phase above 20 GPa. However, up to our knowledge, there is no concern on the high pressure phase transition as well as the phonon discussion yet for methane. Therefore, in this study, we report a systematic theoretical investigation of structural, electronic, and dynamical properties of solid CH 4 at high pressure. We have revealed a cubic (I43m) structure below 14 GPa, the Pmn2 1 structure between 14 and 21 GPa, and identified a phase transition from P2 1 /c to Pnma at 65 GPa. Remarkably, the calculated Raman spectra of the P2 1 /c structure are in accordance with the typical Raman active modes in the available experimental data, and for Pnma phase the orientational ordering of CH 4 molecules varies significantly with increasing pressure.
II. COMPUTATIONAL DETAILS
Our calculations are carried out by using the Vienna ab initio simulation package (VASP), 24 with the exchangecorrelation potential described by the Ceperley-Alder local density approximation (LDA) (Ref. 25) as parametrized by Perdew and Zunger. 26 The projector augmented wave (PAW) method 27 is adopted with the PAW potentials taken from the VASP library 28 where 1s 1 and 2s 2 2 p 2 are treated as valence electrons for H and C atoms, respectively. A plane-wave basis set with an energy cutoff of 550 eV is used and gives well converged total energies within 1 × 10 −6 eV. For selective cases, we also compared the LDA results with those from the generalized gradient approximation (GGA) in the form of PerdewBurke-Ernzerhof-type parametrization. 29 Within 25-86 GPa, the phase transition pressure obtained from LDA is 65 GPa in accordance with the experiment, 22 while that from GGA is 91 GPa, which is much larger than the experimental value. We therefore discuss only the LDA results.
A set of structures with different volumes are fully relaxed and the energy-volume (E-V) curves are obtained. With the E-V curves, the equilibrium volume (V 0 ), the bulk modulus (B 0 ), and its pressure derivative (B 0 ) at ambient pressure are estimated by a least-square fit to the third-order Birch-Murnaghan's equation of state (B-M EOS) (Ref. 30 )
where E is the energy. Using the obtained B 0 , B 0 , and V 0 , the hydrostatic pressure P is determined by the P-V form of the B-M EOS, which is the volume derivative of Eq. (1)
Lattice dynamical properties are calculated by the QUANTUM-ESPERSSO package 31 using Vanderbilt-type ultrasoft potentials with a cutoff energy of 36 and 300 Ry for the wave functions and the charge density, respectively.
III. RESULTS AND DISCUSSIONS

A. Pressure-induced structural transition in solid methane
To search for the most stable structures of CH 4 , we calculated the enthalpies of dozens of structures, including triclinic, monoclinic, orthorhombic, tetragonal, hexagonal, and cubic crystal systems. The considered structures are described in the supplemental material. 32 By comparing enthalpies of the structures, the most stable phases were identified in the pressure range from 0 to 150 GPa. Due to the light mass of the hydrogen atom, the zero-point (ZP) vibrational energy is large enough to significantly affect the relative stabilities of structures. We have included ZP vibrational energy of each identified structure and volume into the enthalpy calculations.
Bini and Pratesi 19 by infrared and Raman data, proposed that phase B at 10-18 GPa has a hcp structure. However, XRD measurements by Umemoto et al. 21 indicated that phase B presents a cubic structure below 16.9 GPa. With the aid of first-principles calculation, we identify a cubic structure with space group of I43m below 14 GPa (Fig. 1) . As the pressure is increased from 14 to 21 GPa, the Pmn2 1 phase has the lowest enthalpy. Above 21 GPa the most stable phase is a monoclinic structure with P2 1 /c symmetry, which is consistent with the Leonardo's results 23 predicted using metadynamics technique. At 65 GPa, we recognize that the P2 1 /c phase transforms into a phase with Pnma symmetry. Actually, around 65 GPa, previous XRD and Raman spectroscopic studies have examined a phase transition to an unidentified phase. 22 In the P2 1 /c and Pnma structure illustrated in Fig. 1 
In Fig. 2 , we present the Raman spectra of P2 1 /c structure, which are in accordance with the typical Raman active modes at 48.3, 60.0, and 62.5 GPa. The spectra have seven Raman active modes in the frequency range of 2850-3600 cm −1 . These Raman active modes represent C-H symmetric stretching modes of methane molecules, ν1 and ν3. At 48.3 GPa, the obtained Raman active modes at 3118 and 3168 cm −1 are in good agreement with the first and second peak (3119 and 3167 cm −1 ) of measured ν1, and the modes (3364 and 3389 cm −1 ) are consistent with the peaks (3366 and 3392 cm −1 ) of measured ν3. Whereas the deviations between theory and experiment are rather large for the middle three modes. With increasing pressure the Raman active modes shift to high-frequency side. The P2 1 /c structure we obtained might provide some references for experimental investigations of methane. Table I gives the nearest neighbor C-H bond length and bond angle of low enthalpy structures. With increasing pressure, the C-H bond lengths decrease, but the bond angles still keep 109
• . Moreover, under the same pressure, the nearest neighbor C-H bond lengths and bond angles of different structures have similar numerical features. These facts indicate that under pressure methane still remains in molecular form. Upon compression, only the relative position and orientational ordering of CH 4 molecules are changed, and the molecular form is not damaged. However, an interesting structural variation occurs as pressure increases. Above 65 GPa the Pnma phase is the most stable one with the C1-C2 being the nearest neighbor (in ordering I), see Fig. 3(a) . With increasing pressure the C-C distances (C1-C2, C1-C3, and C1-C4) begin to decrease. At 79 GPa, the C1-C2 distance increases abruptly, and in contrast, the C1-C3 distance suddenly decreases. Beyond 79 GPa, the C1-C3 length becomes the shortest among all the C-C bonds (in ordering II). The C1-C4 distance, on the other hand, decreases steadily. In this transformation process, the orientational ordering of molecules varies significantly: the CH 4 molecules rotate by about 109
• around b axis, and transform to ordering II as indicated in Fig. 3(a) . It is even more interesting that the transformation takes place again at 88 and 92 GPa, respectively. At 88 GPa the ordering II transforms to ordering I, and at 92 GPa the ordering I transforms back to ordering II. Ultimately, Pnma phase remains ordering II up to higher pressures. The pressures of 79, 88, and 92 GPa can be regarded as critical pressures, which are just located in the crossing points of C-C distance curves shown in Fig. 3(a) . Moreover, Figs pressures. The variation trend of C1-C4 distance is similar to that of c, see Fig. 3(c) .
As mentioned above, methane remains in molecular form under pressure with each C atom bonding to four H atoms. There is no "bridge" atom between two neighboring C atoms. Hence for solid methane the CH 4 molecules have particular intermolecular configuration. The CH 4 molecules distribute nonuniformly in the unit cell of Pnma structure. With pressure increasing, the CH 4 molecules change their relative position and orientational ordering to seek the feat configuration. In the meantime, the interesting changes in C-C distance are observed. By further applying higher pressure, rotation of the molecules freezes and orientational ordering remains unchanged. For the P2 1 /c phase, the CH 4 molecules are distributed relatively uniformly, and the molecular ordering remains unchanged.
B. Electronic properties of methane under pressure
The electronic band structure and density of electronic states (DOS) of CH 4 at 60 and 70 GPa are demonstrated in Fig. 4 . It can be seen that the P2 1 /c and Pnma structures are insulating. The effect of pressure is to increase the volume of Brillouin zone and extend motion range of electrons. Upon compression, we find evident dispersion in electronic bands, indicating that electrons become delocalized. The DOS shows that the H 1s and C 2p electrons contribute significantly to the valence band. For P2 1 /c phase at 60 GPa, C 2s orbitals are hybridized with H 1s orbitals at the energy region between -17.25 and -9.78 eV. At higher energy range from -9.78 eV to top of valence band, the DOS shows significant overlap between the orbitals of C 2p and H 1s. For Pnma phase at 70 GPa, C 2s orbitals overlap with H 1s orbitals at the energy region between -18.84 and -9.87 eV, which is broader than that of P2 1 /c phase. At the successive energy range from -9.87 eV to top of valence band, C 2p orbitals are hybridized with H 1s orbitals strongly. Under pressure, the pressure-induced structural transition can be identified from Fig. 1 , but the form of overlap between the orbitals of C and H atoms is invariable. With pressure increasing, the band gap of P2 1 /c structure decreases steadily in the range of 10-150 GPa, while the gap of Pnma structure suddenly increases at 70 GPa (Fig. 5) due to a phase transition occurring around this pressure range. The Pnma structure is the most stable phase in the range of 70-150 GPa, and the band gap reduction of Pnma phase from 70 to 150 GPa is 0.24 eV. Further applying much higher pressure to solid CH 4 , the metallization pressure of methane is obtained to be 650 GPa.
C. Dynamical properties of compressed methane
Our phonon calculations have confirmed the dynamical stability of P2 1 /c and Pnma structure due to the absence of imaginary frequency modes. The phonon dispersion and projected density of states at pressure of 60 and 70 GPa in Fig. 6 show that from P2 1 /c to Pnma phase, evident dispersion is found in the phonon bands. The vibrational modes can be divided into three separate regions. In the case of P2 1 /c phase at 60 GPa, strong interactions between the C framework and H atoms are found in the region below 1026 cm −1 . The H-C-H bending vibrations dominate in the intermediate-frequency region between 1315 and 1744 cm −1 . At high frequencies above 3138 cm −1 , the phonon spectrum belongs to the C-H bond stretching vibrations. For Pnma phase at 70 GPa, the interactions between the C framework and H atoms are found in the region below 1253 cm −1 , and the H-C-H bending vibrations dominate in the region between 1286 and 1860 cm −1 . Both the frequency regions are broader than that for P2 1 /c phase. The phonon dispersions between 3187 and 3540 cm −1 are mainly due to the contributions of the C-H bond stretching vibrations. From P2 1 /c to Pnma phase, the frequencies of C-H bond stretching vibrations shift to higher frequencies (see Fig. 6 ).
IV. CONCLUSIONS
In conclusion, we have performed first-principles computations to investigate the structural stability of methane under pressure up to 150 GPa. A cubic structure with space group of I43m is identified below 14 GPa. When the pressure is increased from 14 to 21 GPa, the Pmn2 1 phase has the lowest enthalpy. As the pressure is further increased from 21 to 65 GPa, the P2 1 /c structure is the most stable, and its vibrational properties agree well with the typical Raman active modes in the available experimental spectra data. Above 65 GPa, a structure with Pnma symmetry is predicted to be the most stable. The P2 1 /c and Pnma structures are insulating, and methane always remains in molecular form at any studied pressure. For Pnma phase, the orientational ordering of CH 4 molecules is found to change repeatedly.
